Abstract. Immunohistochemical demonstration of glial fibrillary acidic protein (GFAP) was performed in human, sheep, rat and guinea pig pineal bodies to determine if there were species differences. Specialized "basket-like" arrangements of many GFAP-positive astrocytic processes were shown around sheep pinealocytes. Human pineals contained scattered astrocytic cell bodies and a moderate number of GFAPpositive astrocytic processes which, as in sheep, also surrounded pinealocytes, but without the dense basket-like arrangements. In both species GFAP-positive fibers were concentrated at the periphery of pseudolobules and around blood vessels. Rat and guinea pig pineals contained only rare astrocytic cell bodies and few GFAPpositive fibers throughout the glands, but had a concentration of parallel GFAPpositive fibers at the stalk. GFAP-positive fibers in human and sheep pineals may be derived from both intra-and extraglandular sites, whereas in rodents only rare processes appear to be derived from within the gland. Astrocytes may playa role in modulation of pineal indoleamines and norepinephrine, and the species differences observed suggest that this effect may be important in sheep and human pineals but not in rodents.
INTRODUCTION
Despite considerable advances in recent years, there remain many unanswered questions about the function of the pineal gland. In lower forms the pineal has photoreceptors that are directly affected by light, and these receptors in tum modify certain physiological responses (I, 2). In man and other mammals there are also effects of light upon pineal function, but the mechanisms are indirect (3) . Light exposure of the retina transmits impulses to the brain stem and hence to the superior cervical ganglia from which sympathetic fibers project to the pineal gland (4-6); absence of light exposure generally induces a release of norepinephrine which activates the enzymatic conversion of tryptophan to serotonin, and N-acetyl serotonin to melatonin (7) (8) (9) . Serotonin has a higher concentration in the pineal than in any other tissue (10, 11) . Melatonin, in tum, has modulating (usually inhibitory) effects upon the gonads, the ovulatory cycle and secretion of certain pituitary hormones; it may also modify other rhythms in bodily functions (12) . When animals are kept in darkness there is generally a reduced serotonin concentration in the pineal with an increase of melatonin formation and release. The diurnal controls of these physiological mechanisms are complex and much remains to be learned.
We have been interested in possible relationships of the above mechanisms to the role of pineal astrocytes. Might astrocytes have an effect upon the tryptophan-serotonin-melatonin metabolism in pinealocytes? In the central nervous system, astrocytes were long thought to have merely "supportive" functions for neurons, but recently it has become clear that they may modify neuron activity by their capacity for uptake of certain transmitters such as gamma amino butyric acid (GABA) (13, 14) and certain electrolytes such as potassium (15) (16) (17) (18) (19) . It is conceivable that astrocytes may play similar roles in the pineal in relation to norepinephrine released from sympathetic fibers, or in the uptake of serotonin or melatonin.
As a first step in exploring these possibilities, we determined to study the glia of the pineal gland for glial fibrillary acidic protein (GFAP) because it is known to be a specific marker of the intermediate filaments of astrocytes (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) and because GFAP relates to the shape and motility ofastrocytes (30, 31) and is present in tumor astrocytes (32) (33) (34) . The study of GFAP-positive fibers has allowed us to identify astrocyte processes as compared to the processes of pinealocytes, neurons, or interstitial cells, or fibrocytes. It is known that there are GFAP-positive fibers in rat pineal (35) . In human beings, pineal fibers positive for a-albumin, considered identical to GFAP by Lowenthal et al, have been demonstrated (36) , and GFAP has been demonstrated at 24 weeks gestation (37) . We decided to compare GFAP in rat, guinea pig, sheep, and human pineal glands in order to determine if there are any implied phylogenetic adaptations, and we used silver stains and phase microscopy to observe the relationship of astrocytes to pinealocytes.
MATERIALS AND METHODS
Pineal glands from human beings, sheep, rats and guinea pigs were processed as follows. Seven human pineal glands were obtained at autopsy, seven to 18 hours (h) postmortem. The patients were of both sexes and their ages varied from 25 to 90 years . The pineals were fixed by immersion in formalin for 48 h. Vibratome sections were used for observations on the overall number and distribution of GFAP-positive cells and fibers, while paraffin-embedded tissues were used to study the detailed relationships ofGFAP-positive structures, pinealocytes, and other cells. Serial 6 I-tm paraffin-embedded sections were cut from four cases. The other three were sectioned at 100 urn thickness with a Vibratome. Two sheep, eight rat , and five guinea pig pineals were fixed for 48 h by immersion in Bouin's solution, embedded in paraffin, and sectioned serially at 6 I-tm thickness in the coronal plane, so that their connections with the brainstem were still intact. Some samples were also sectioned with a Vibratome at 100 I-tm thickness for preembedding immunocytochemistry.
The antiserum to GFAP used in the study was generated in a rabbit and has previously been demonstrated toyield a single precipitin line in Ouchterlonydouble-diffusion plates when tested against GFAP (38) , and the antiserum was previously used in immunocytochemical study of astrocytes (39) . In order to further establish the specificity of the antiserum, additional procedures were performed including (a) immunoblots which revealed precipitation in a band corresponding to GFAP; (b) a comparison ofastrocytic staining in adjacent sections with another GFAP antiserum , the specificity ofwhich has been well characterized with antigen absorption studies (30, 32) . Method controls included the omission of primary antiserum and the replacement of the primary antiserum by normal rabbit serum. Immunocytochemistry was performed using the GFAP antiserum at an opt imal dilution of 1:1,000, for 18 h at 4°C, employing the avidin-biotin peroxidase method (40) with biotinylated protein A in the intermediary step (41) . Preembedding staining of Vibratome sections was performed employing the same reagents for similar time periods, as previously described (42) . Standard histological stains included the hematoxylin and eosin, phosphotungstic acid hematoxylin (PTAH), Masson's trichrome, Bodian's, and Achucarro-Hortega's (43) stains. A few GFAP-immunoreacted paraffin sections were also counterstained with hematoxylin. Phase microscopy was used to observe unstained pinealocytes in relation to GFAP-positive astrocytic processes shown immunocytochemically. 
RESULTS
Before detailed demonstration ofGFAP in human pineal gland, the organization of pinealocytes into pseudolobules separated by septa was demonstrated at low Fig. 3 ). An astrocytic cell body is shown (inset, x 1,550). Immunoperoxidase anti-GFAP, avidin-biotin. x 1,550. Fig. 6 . Rat parahippocarnpus, 100 ,urn Vibratome section . Numerous stellate astroc ytes are stained for GFAP. Immunoperoxidase, anti-GFAP, avidin-biotin. x 1,550. magnification and by hematoxylin and eosin, PTAH, Achucarro-Hortega's (Fig. 1) , Masson's trichrome, and PT AH stains. These stained sections were compared with immunostained sections which showed the same grouping of cells and also showed a concentration ofGFAP at the periphery ofthe pseudolobules (Fig. 2) . No differences in staining were observed in pineals obtained at different postmortem times or those fixed in formalin or Bouin's solutions.
Vibratome Sections
Comparing 100~m Vibratome sections of human and rat pineal glands stained immunohistochemically for GFAP we found that astrocytic cell bodies and processes were much more numerous in the human gland (Figs. 3,4 ) than in the rat (Fig. 5) . The numerous processes of astrocytes in the human pineal in these Vibratome sections showed a dense meshwork in the pseudolobules, but the processes were absent or rare in the intervening septa (Fig. 3) . Nonetheless occasional GFAP-positive astrocytic processes traversed the septa extending from one pseudolobule to another (Figs. 3, 11 ). The astrocytic cell bodies with their emanating processes were evident in human pineals (Fig. 4) . In the rat, only rare cell bodies and occasional astrocytic processes were observed ( Fig. 5 and inset) . In order to monitor the successful staining of astrocytes by our method we prepared parallel Vibratome sections of rat parahippocampus, which showed a wealth of stellate astrocytes (Fig. 6 ).
Paraffin-Embedded Sections
GFAP was also demonstrated in paraffin-embedded 6~m sections of human, rat, sheep, and guinea pig pineals. In the human gland these preparations confirmed the presence of scattered astrocytic cell bodies, and showed their processes coursing between pinealocytes (Fig. 7) . At low magnification of6~m sections immunostaining showed that there was a concentration of GFAP at the periphery of the gland, at the periphery of individual pseudolobules (Fig. 2) , and around blood vessels. Astrocytic processes between rat pinealocytes were rare (Fig. 8) and there was no concentration ofGFAP at the periphery of the gland or the pseudolobules. The most striking observation in sheep pineals was the large number ofGFAP-positive fibers and their specialized arrangement in the form of small baskets (Fig. 9) around "clusters" ofpinealocytes (Fig. 9, inset) . In the pineal glands of the guinea pig there were only rare astrocytic cell bodies by GFAP immunostaining and only occasional processes throughout most of the gland (Fig. 10) . In the stalk of the pineal however, there were many GFAP-positive astrocytic processes and they were arranged in parallel (Fig. 10, inset) .
DISCUSSION
The recent appreciation that astrocytes have important functions in the regulation of transmitters (13, 14) and electrolytes (15) (16) (17) (18) (19) prompted us to study these cells in the pineal gland ofdifferent species to determine ifthere are any implied phylogenetic differences. These comparisons can be made better than in the past because the immunocytologic identification ofGFAP in 9 nm intermediate filaments is a more specific way to identify individual astrocytic processes than any other available method (20-22, 28, 29) .
The apparent number and distribution of astrocytic processes and their relation to pinealocytes differ in the pineals of humans, sheep, guinea pigs and rats. The relationship of astrocytes to pinealocytes may have functional implications, and in order to evaluate the species differences observed it is useful to recall what is known of astrocytic functions. In the central nervous system (CNS) astrocytes partially envelop neurons sometimes in the form of sheet-like (vellate) processes (44) . Astrocytes may serve to isolate cells permitting discreet conduction, but they also serve in the uptake of certain neurotransmitters such as GABA (13, 14, 45) , perhaps modulating the termination of electrical events (14, 46, 47) . Astrocytes also have certain functions in the regulation of electrolyte concentrations (15-19, 48, 49) . It is speculative, but pertinent, to consider whether astrocytes in the pineal could have similar functions in relation to the products of pinealocytes such as serotonin or melatonin, or the norepinephrine of the sympathetic nerve fibers that innervate the pineal from the superior cervical ganglia. The idea that pineal astrocytes might play a role in the uptake of serotonin is not without some support, since serotonin has been found in glia-enriched fractions from brain tissue (50, 51) .
If it is true that astrocytes in the pineal are capable of the uptake of neurotransmitters and the regulation ofelectrolytes as in the CNS, then our observations suggest that the quantitative or qualitative functions of astrocytes are dissimilar in the four species studied. In the human gland the moderate number of astrocytic processes and cell bodies within the gland, and the arrangement of GFAP-positive fibers between pinealocytes and around pseudolobules, as well as around blood vessels, suggest a considerable functional significance. In the sheep similarly important functions are implied and may be even more highly specialized in view of the much greater number of astrocytic processes and their basket-like arrangement around clusters of pinealocytes. The processes of astrocytes in human and sheep pineals are numerous at the periphery of pseudolobules and around the basal lamina of blood vessels, where the club-shaped endings of pinealocytes are also numerous but separated from the endothelium by astrocytic cytoplasm. Thus, astrocytes could prevent or modulate the access ofpinealocytic secretions to the perilobular sites and to blood vessels.
The astrocytic processes that penetrate from one lobule, through the septa, to adjacent lobules are also ofinterest. In the original concept ofastrocytes as supportive cells, these processes could be viewed as giving cohesiveness to the lobules. They could also be viewed as connections that persist after pseudo-lobulation develops, or, as in the CNS, they might move neurotransmitters to more distant sites. It should be possible to explore the latter possibility immunocytochemically by demonstrating whether there is any evidence of these substances in the traversing processes.
In contrast to the human and sheep glands, the pineals of both rodent species studied showed a paucity of astrocytic processes and only rare astrocytic cell bodies, which implies a less significant functional role. The few astrocytic processes in rodent pineals appear to enter at the rudimentary stalk. These observations may coincide with electron microscopic studies that showed a fundamental difference in rats compared to monkeys and cats (52) ; ultrastructure of the rat pineal resembles that of an endocrine organ rather than that seen in the CNS (53) . It is probable that astrocytes have a lesser function in a glandular-type tissue. Electron microscopic studies also showed that the pinealocytic processes of rats penetrate the outer basal lamina of blood vessels to enter the perivascular space, while in the other species they remain in the parenchyma beneath an astrocyte layer peripheral to the outer basal lamina of the perivascular space. A blood-pineal barrier is said to be present in cats, monkeys, humans, sheep, and cows (52-55) but has not been demonstrated in rats, rabbits, and gerbils (54) (55) (56) . Thus it has been shown that the blood-pineal barrier (presumed to be at the endothelium) is less significant in rodents. Our observations that GFAP fibers are strikingly less numerous around rodent pineal blood vessels and pinealocytes may also suggest that the release ofindoleamines or other pinealocyte products in rats is directly into the perivascular site without the modulating effects of surrounding astrocytes. The functional implication is that serotonin and melatonin, in rodents, may be released and have access to the vascular compartment in a more constant way, whereas in the human and sheep glands there is a more controlled release, due-to the blood-pineal barrier and the putative modulation by astrocytes. To confirm these functional implications we plan further immunocytochemical studies of serotonin and melatonin to show whether their distribution is not limited to pinealocytes, but extends to the surrounding astrocytes in the human and sheep pineal glands.
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